INTRODUCTION
============

Receptor--ligand interactions play a crucial role in most physiological processes. In particular, chemical signals are converted into electrical ones through ligand gating of ionic channels in cellular membranes ([@bib8]). Clustering of channels is accepted to be the basic mechanism of signal transduction and amplification ([@bib51]; [@bib14]; [@bib91]; [@bib26]; [@bib63]; [@bib8]). Colocalization of PDZ domain--containing or cytoskeletal proteins, on one hand, and receptor channel proteins, on the other hand, leading to formation of their clusters has been visualized for acetylcholine and glutamine receptors as well as for potassium, sodium, calcium, and chloride channels. This coclustering has been reported to activate and immobilize the specific ionic channels ([@bib100]; [@bib39]; [@bib38]; [@bib43]; [@bib86]; [@bib34]; [@bib48]; [@bib101]; [@bib105]; [@bib10]; [@bib11]; [@bib12]; [@bib22]; [@bib62]; [@bib85]; [@bib94]; [@bib96]; [@bib6]; [@bib40]; [@bib69]; [@bib70]; [@bib3]; [@bib20]; [@bib37]; [@bib92]). Clustering is also one of the main principles of molecular organization of the gap-junction channels ([@bib9]; [@bib23]).

Synchronous opening and closing of ensembles of ion channels have been observed upon incorporation of channel-forming proteins and peptides into planar bilayer lipid membranes ([@bib95]; [@bib80]; [@bib81]; [@bib36]; [@bib97]; [@bib60]; [@bib19]; [@bib41]; [@bib56]; [@bib93]; [@bib18]; [@bib46]) and by the patch-clamp method ([@bib42]; [@bib27]; [@bib58]; [@bib82]; [@bib33]; [@bib49],[@bib50]; [@bib64]; [@bib21]; [@bib51]). In spite of the fact that studying channel clusters has attracted much attention, the molecular mechanisms of their functioning remain unclear.

Here we demonstrate that one of the simplest and best studied ionic channels formed by a transmembrane dimer of the pentadecapeptide gramicidin A ([@bib45]; [@bib2]; [@bib17]) can be rendered ligand gated by attaching a biotin group to the COOH terminus of the channel former. The interaction of biotinylated gramicidin with avidin or streptavidin, having four biotin-binding sites of a remarkably high affinity ([@bib32]; [@bib98]; [@bib29]; [@bib55]; [@bib68]; [@bib79]; [@bib87]) results in opening of channels with unusual characteristics, namely, extremely long duration and double conductance as compared with the control. Thus, the concerted ligand-gated opening of a couple of gramicidin channels is shown for the first time. This model system can be used to simulate a broad class of the ligand-induced receptor oligomerization phenomena ([@bib57]; [@bib53]; [@bib31]; [@bib99]; [@bib52]; [@bib71]; [@bib30]; [@bib7]; [@bib13]), including ion channel regulation via dimerization ([@bib54]; [@bib72]; [@bib103]; [@bib83]), as well as the formation of coordinated arrays of signaling proteins ([@bib102]; [@bib24]; [@bib35]). In the accompanying article by [@bib28](this issue) the problem is addressed using an independent experimental approach.

Some of these results have appeared in preliminary form ([@bib78]).

MATERIALS AND METHODS
=====================

Bilayer lipid membranes (BLMs)[\*](#fn1){ref-type="fn"} were formed from a 2% solution of diphytanoylphosphatidylcholine (DPhPC; Avanti Polar Lipids) or its mixture (if otherwise stated) with N-(biotinoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (biotin-PE; Molecular Probes, Inc.) in *n*-decane (Merck) by the brush technique on a hole in a Teflon partition separating two compartments of a cell containing aqueous buffer solutions. The cell with the 0.15-mm diameter hole (unless otherwise stated) was used in single-channel experiments, and that with the 0.55-mm diameter hole was used in photoinactivation experiments. The biotinylated analogs of gramicidin A (gifts of F. Separovic, University of Melbourne, Australia) with a biotin group attached to the COOH terminus of gramicidin A through a linker arm comprising five (gA5XB) or two (gA2XB) aminocaproyl groups were added from stock solutions in ethanol to the bathing solutions at both sides of the BLM and routinely incubated for 15 min with constant stirring. The structure and synthesis of biotinylated gramicidins were described in ([@bib84]; [@bib1]). Streptavidin and avidin were from Fluka. In all the experiments the solution was 1 M KCl, 10 mM Tris, 10 mM MES, 10 mM β-alanine, pH = 7.0. All the experiments were performed at room temperature (22--24°C). In photoinactivation experiments, aluminum trisulfophthalocyanine (AlPcS~3~) from Porphyrin Products was added to the bathing solution at the trans-side (the cis-side is the front side with respect to the flash lamp).

The electric currents (*I*) were recorded under voltage-clamp conditions. Voltages were applied to BLMs with Ag-AgCl electrodes placed directly into the cell. The currents, measured by means of a patch-clamp amplifier (OES-2; OPUS) in single-channel experiments and by a U5--11 amplifier in photoinactivation experiments, were digitized by using a LabPC 1200 (National Instruments) and analyzed using a personal computer with the help of WinWCP Strathclyde Electrophysiology Software designed by J. Dempster (University of Strathclyde, UK). Single-channel currents were low-pass filtered with a cutoff frequency of 100 Hz, sampled at 1 kHz and stored directly to the hard disk.

In photoinactivation experiments, BLMs were illuminated by single flashes produced by a xenon lamp with flash energy of ∼400 mJ/cm^2^ and flash duration \<2 ms.

RESULTS
=======

[Fig. 1](#fig1){ref-type="fig"} presents single-channel recordings and current amplitude histograms of gA5XB (the biotinylated gramicidin with a linker arm comprising five aminocaproyl groups) in the control (A) and after 10-min incubation with 1 μg/ml streptavidin added to both sides of BLM (B). Remarkably, it is seen that the usual current fluctuations of gA5XB with the open state duration comparable to that of gramicidin A and the single-channel conductance of 17.6 ± 1 pS (recording A) were replaced after the incubation with streptavidin by current fluctuations with a very long-lived open state and the single-channel conductance exceeding that of the control more than twice, 39.5 ± 3 pS (recording B). If presented in the expanded time scale ([Fig. 2](#fig2){ref-type="fig"}) , the recordings made in the presence of streptavidin revealed that both opening and closing of the double-conductance channels occurred via an intermediate substate of 50 ± 25-ms duration (mean ± SD, *n* = 17). The conductance of this transient substate was equal to the single-channel conductance of gA5XB, whereas the conductance of the subsequent step was 25% higher.

![(A) Single-channel traces of gA5XB and the corresponding current amplitude histogram. (B) Single-channel traces of gA5XB after incubation with 1 μg/ml streptavidin added to both sides of a BLM and the corresponding current amplitude histogram. The BLM voltage was 50 mV. The solution was 1 M KCl, 10 mM Tris, 10 mM MES, 10 mM β-alanine, pH = 7.0. Planar bilayers were from DPhPC. The low-pass digital filter with a cutoff frequency of 53 Hz was used in these recordings.](200208780f1){#fig1}

![Selected parts of the recordings similar to that shown in [Fig. 1](#fig1){ref-type="fig"} B revealing a transient substate in both opening and closing of the double-conductance channel. Here the digital filter was not used.](200208780f2){#fig2}

It is worth noting that the opening of the long-lived double-conductance channels after the addition of streptavidin was preceded by the appearance of bursts of very short-lived channel events ([Fig. 3](#fig3){ref-type="fig"} A) having the transition amplitude coinciding with that of the control single channels of gA5XB. The open state duration of the individual events in these bursts displayed the exponential distribution with the characteristic time of 60 ± 10 ms. The duration of the closed state varied from 60 to 400 ms in different series of bursts. The duration of the bursts also varied substantially (from 10 to 140 s). After the opening of the double-conductance channels the occurrence of the bursts decreased markedly and their duration on the average became shorter.

![(A) Fast fluctuations of the gA5XB single-channel current after the addition of 1 μg/ml streptavidin to both sides of a BLM observed before the appearance of the events shown in [Fig. 1](#fig1){ref-type="fig"} B. (Top right) The corresponding current amplitude histogram. (Bottom right) The open state duration histogram with the exponential fit (the characteristic time is 55 ms). (B) Fast fluctuations of the gA2XB single-channel current after the addition of 1 μg/ml streptavidin to both sides of a BLM. (Top right) The corresponding current amplitude histogram. (Bottom right) The open state duration histogram with the exponential fit (the characteristic time is 35 ms). The BLM voltage was 50 mV. The solution was the same as in [Fig. 1](#fig1){ref-type="fig"}. Planar bilayers were from DPhPC. The low-pass digital filter with a cutoff frequency of 53 Hz was used in these recordings.](200208780f3){#fig3}

In contrast to gA5XB channels, gA2XB (the biotinylated gramicidin having a shorter linker arm) channels never exhibited the double-conductance state in the presence of streptavidin (unpublished data). Nevertheless, the incubation with 1 μg/ml streptavidin led to a substantial reduction of the number of open gA2XB channels in agreement with the data of ([@bib90]; [@bib25]) and the appearance of fast fluctuations of the current with the open state duration of 33 ± 4 ms ([Fig. 3](#fig3){ref-type="fig"} B).

[Fig. 4](#fig4){ref-type="fig"} displays single-channel recordings and the current-amplitude histogram of gA5XB obtained after incubation with 4 μg/ml avidin. The experiments using membranes of different areas (A, 0.15-mm diameter hole; B, 0.55-mm diameter hole) permitted us to compare the avidin effect on the parameters of gA5XB single channels at a high (A) and a low (B) surface density of the channel-former. As seen from recording A, the incubation with avidin led to the opening of very long-lived channels with the single-channel conductance of 36.4 ± 2 pS (see the histogram). Thus, avidin induced the formation of double-conductance channels similarly to streptavidin. The transient substate of 50-ms duration was also discernible in this case, with the conductance of the subsequent step exceeding that of the initial step of the channel opening by 7%. Recording B shows, however, that at low surface density of gA5XB the addition of avidin caused the appearance of long-lived channels with the single-channel conductance equal to that of the control channels, as observed previously ([@bib76]). The prolonged incubation with avidin resulted ultimately in the appearance of high-conductance channels also with the large-diameter membrane, though the amplitude of these channels was somewhat less than those observed with the small-diameter membrane.

![Single-channel traces of gA5XB after the addition of 4 μg/ml avidin to both sides of BLMs formed from DPhPC on the 0.15-mm diameter hole (A) and on the 0.55-mm diameter hole (B), and the current amplitude histogram corresponding to A. The solution was the same as in [Fig. 1](#fig1){ref-type="fig"}. The low-pass digital filter with a cutoff frequency of 53 Hz was used in these recordings.](200208780f4){#fig4}

It was reasonable to expect that biotinylated lipid if included in the membrane would compete with biotinylated gramicidin for binding sites on streptavidin and thereby would alter the probability of the formation of the double-conductance channels. In further experiments we studied the effect of including biotinylated phosphatidylethanolamine (biotin-PE) in the BLM on the single-channel activity of gA5XB in the presence of streptavidin. It appeared that in the whole range of the biotin-PE content of the membrane studied here the interaction of streptavidin with gA5XB resulted in the reduction of the number of open channels having the standard single-channel conductance of 17 pS (unpublished data), as it was observed in the absence of biotin-PE. Besides, fast fluctuations of the current (bursts of very short-lived channel events having the transition amplitude equal to that of the control single channels) with the same open state duration, as in pure DPhPC membranes, were observed with all membranes containing biotin-PE. On the contrary, the occurrence of the double-conductance channels of gA5XB after incubation with streptavidin was extremely sensitive to the presence of biotin-PE ([Fig. 5](#fig5){ref-type="fig"}) . At the biotin-PE content amounting to 2 × 10^−5^% of the membrane lipid (the rest being DPhPC) the double-conductance channels opened with the same frequency as in the absence of biotin-PE. At the biotin-PE content of 2 × 10^−4^% the double-conductance channels rarely formed. Beginning from the biotin-PE content of 0.002% the double-conductance channels were not observed at all.

![The bar chart of the double-conductance channel occurrence plotted versus the content of biotinylated lipid (biotin-PE) in the membrane-forming DPhPC solution. The line was drawn by eye.](200208780f5){#fig5}

In accord with the streptavidin-induced decrease in the number of open gA5XB channels, the suppression of gA5XB-mediated current across BLM after the addition of streptavidin was also observed at the multichannel level ([Fig. 6](#fig6){ref-type="fig"} A). This effect of streptavidin that had been found earlier ([@bib15]) appeared to be independent of the presence of the biotinylated lipid; in particular, it was seen at least up to the biotin-PE of 1% ([Fig. 6](#fig6){ref-type="fig"} A). At 0.02% biotin-PE, the time course of the macroscopic current was biphasic (the increase in the current followed its decrease) that can be explained by slow formation of the long-lived double-conductance channels leading to the growth of the macroscopic current. Actually, the magnitude of the gA5XB-mediated current depends not only on the channel lifetime, i.e., on the dissociation rate constant of gA5XB dimers, but also on the frequency of channel openings related to the gA5XB dimerization rate constant, and on the stationary concentration of gA5XB molecules in the membrane.

![(A) Effect of the addition (at *t* = 0 s) of 0.5 μg/ml streptavidin on the gA5XB-mediated current across BLMs formed from the DPhPC solution with different contents of biotinylated lipid (0.02%, dashed line; 1%, solid line). The normalized values of the current (*I/I* ~max~) are plotted versus the time (the *I* ~amx~ was ∼1 μA). (B) The time courses of the decrease in the gA5XB-mediated current across a BLM after a flash of visible light (at *t* = 0 s) in the presence of 1 μM AlPcS~3~ before (curve 1) and after (curve 2) the addition of 0.5 μg/ml streptavidin to both sides of the BLM. The normalized values of the current (I/I~0~) are plotted versus the time. The initial current (*I* ~0~) was ∼1 μA. The BLM voltage was 65 mV. The solution was the same as in [Fig. 1](#fig1){ref-type="fig"}. (Inset) Deviations of the curve 2 from monoexponential (dashed-dotted curve) and biexponential (solid curve) fits.](200208780f6){#fig6}

The interaction of streptavidin with gA5XB channels was studied in the present work also by the method of sensitized photoinactivation ([@bib74], [@bib77]) based on measuring the time course of a flash-induced decrease in the multichannel current across BLM in the presence of a photosensitizer (e.g., aluminum phthalocyanine, AlPcS~3~). The sensitized photoinactivation is thought to result from a damage to tryptophan residues in gramicidin, caused by light-induced generation of reactive oxygen species ([@bib89]; [@bib73]; [@bib47]). As shown previously ([@bib74], [@bib75], [@bib76]), this method makes it possible to get information on channel kinetics from the current measurements at the multichannel level. [Fig. 6](#fig6){ref-type="fig"} B demonstrates the kinetic curves of the flash-induced decrease (below called the kinetics of photoinactivation) in the gA5XB-mediated current in the presence of AlPcS~3~ measured before (curve 1) and after (curve 2) the addition of 0.5 μg/ml streptavidin. It is seen that streptavidin provoked a tremendous deceleration of the gA5XB photoinactivation kinetics that is similar to the effect of avidin described earlier ([@bib76]). The control time course of photoinactivation in the absence of streptavidin was well fitted by a monoexponential curve, which allowed us to determine the rate constants of formation (*k* ~R~) and dissociation (*k* ~D~) of gA5XB channels by plotting the reciprocal of the characteristic time constant, τ, of the kinetic curves versus the square root of the steady-state multichannel conductance ([Fig. 7](#fig7){ref-type="fig"}) according to [@bib5] and [@bib74] (see ). From the approximation of this plot by a linear function we calculated the following values of the rate constants (*k* ~R~ and *k* ~D~) and the equilibrium constant *K*: *k* ~D~ = 0.083 s^−1^, *k* ~R~ = 1.4 × 10^14^ s^−1^ mole^−1^cm^2^, *K* = *k* ~R~/*k* ~D~ = 1.7 × 10^15^ mole^−1^cm^2^.

![The dependence of the reciprocal of the characteristic time constant (τ) of the exponential curve fitting the photoinactivation kinetics (i.e., the time course of the flash-induced decrease in the gA5XB-mediated current in the presence of 1 μM AlPcS~3~) on the square root of the steady-state multichannel conductance (λ). A solid line represents the linear approximation of the dependence. The example of the photoinactivation kinetics is shown in [Fig. 6](#fig6){ref-type="fig"} B (curve 1). The temperature was 22°C.](200208780f7){#fig7}

The time course of gA5XB photoinactivation recorded after the addition of streptavidin was poorly fitted by a monoexponential curve, but was well described by a sum of two exponentials ([Fig. 6](#fig6){ref-type="fig"} B): *I*/*I* ~0~ = α~1~exp(−t/τ~1~) + α~2~exp(−t/τ~2~) + C, where α~1~ = 1.5%, τ~1~ = 3.2 s, α~2~ = 5.2%, τ~2~ = 90 s, C = 93.3%. As seen from the [Fig. 8, A and B](#fig8){ref-type="fig"} , the contribution (α~2~) of the slow phase (the component with a longer characteristic time, τ~2~) to the overall kinetics decreased upon including biotinylated lipid in the BLM and became negligible at the biotin-PE content of 1% and higher. It should be noted, however, that in contrast to the decrease in the occurrence of the streptavidin-induced double-conductance channels of gA5XB observed at very low biotin-PE content (2 × 10^−4^%), the reduction of the slow phase contribution to the photoinactivation kinetics manifested itself noticeably only at the biotin-PE content \>0.02%. Thus, the comparison of the effect of biotin-PE on the gA5XB single-channel activity with that on the kinetics of the sensitized photoinactivation of the gA5XB multichannel currents in the presence of streptavidin revealed the pronounced difference between the dependencies of these effects on the biotin-PE content. Namely, the threshold content of biotin-PE, at which its inhibiting effect on the double-conductance channels became noticeable, differed from the minimum content of biotin-PE giving rise to the inhibition of the streptavidin-induced deceleration of the gA5XB photoinactivation kinetics by two orders of magnitude (compare [Figs. 5](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}). However, this difference became insignificant, if both dependencies were plotted versus the ratio between the surface concentrations of biotin-PE and gA5XB in the membrane ([Fig. 8](#fig8){ref-type="fig"} B, inset). This ratio was calculated as described in the . It is seen that the inflection point of both dependencies corresponded to the \[biotin-PE\]/\[gA5XB\] ratio of ∼100.

![Effect of biotinylated lipid (biotin-PE) on the gA5XB photoinactivation kinetics in the presence of streptavidin. (A) The time courses of the decrease in the gA5XB-mediated current across a BLM after a flash of visible light (at *t* = 0 s) in the presence of 1 μM AlPcS~3~ after the addition of 0.5 μg/ml streptavidin to both sides of the BLM formed from the DPhPC solution with different contents of biotinylated lipid (0%, 0.02%, 0.1%, 1%). The normalized values of the current (*I/I* ~0~) are plotted versus the time. The initial current (*I* ~0~) was ∼1 μA. The BLM voltage was 65 mV. The solution was the same as in [Fig. 1](#fig1){ref-type="fig"}. (B) The contribution of the slow phase to the photoinactivation kinetics plotted versus the content of biotinylated lipid in the membrane-forming solution. (Inset) The normalized occurrence of the double-conductance channels (open circles) and the normalized contribution of the slow phase (filled circles) are replotted versus the ratio of the surface concentration of biotin-PE to that of gA5XB. The line was drawn by eye.](200208780f8){#fig8}

It should be pointed out that in all our experiments streptavidin was present in the excess providing infinite stock of biotin-binding sites for gA5XB even at high biotin-PE content. In particular, streptavidin was added at 1 μg/ml concentration corresponding to 70 nM, whereas gA5XB was added at 10 pM and 5 nM in single-channel and multichannel experiments, respectively. The volume concentration of biotin-PE in the experimental cell even at the high content of 1% in the BLM was \<10 pM. It can be easily estimated by dividing the number of biotin-PE molecules in the BLM, calculated as described in the , by the cell volume (3 ml).

DISCUSSION
==========

The most striking finding of this work consists in the observation of an unusual state of gramicidin channels that is characterized by the extraordinary long open state duration and the predominant conductance approximately twice as high as the usual single-channel conductance of gA5XB channels ([Figs. 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}). This state observed in the presence of the biotin-binding proteins functionally corresponds to the synchronous opening of two gA5XB channels. Similar long-lived open channel state is described in the accompanying article ([@bib28]) using covalently linked gramicidin analogues.

Taking into account the properties of the double-conductance channels elicited by the interaction of gA5XB with streptavidin and avidin (the value of the predominant conductance level approximately doubled as compared with that of the usual gramicidin single channels and the occurrence of the transient substate \[[Fig. 2](#fig2){ref-type="fig"}\] at the level corresponding to the usual single-channel conductance), it is reasonable to suggest that the double-conductance channels are formed as a result of bivalent binding of two (strept)avidin molecules located at the opposite sides of the BLM to the COOH termini of two transmembrane dimers of gA5XB at both water-membrane interfaces ([Fig. 9](#fig9){ref-type="fig"} B, right). Here the bivalent binding means that two (of the four) biotin-binding sites on (strept)avidin are occupied by biotin groups belonging to two gA5XB molecules. Most likely, the formation of such a complex is preceded by cross-linking of pairs of gA5XB monomers through binding to streptavidin at each side of the BLM. The opening of the double-conductance channel apparently corresponds to the moment when the pairs of gA5XB monomers bound to streptavidin at opposite sides of the BLM associate through hydrogen bonds between their NH~2~ termini, thereby forming two neighboring transmembrane dimers. This couple of gA5XB channels appears to be highly stable, obviously due to the increased number of hydrogen bonds stabilizing the complex and/or to a reduction of the elastic force originating from a local thinning of the bilayer that acts on each transmembrane dimer in the couple (see the accompanying paper by [@bib28]\[this issue\] and [@bib59]). The alternative explanation of the complex formation, assuming that streptavidin binds to two preformed transmembrane dimers of gA5XB, seems to be unlikely because in this case it is difficult to explain the suppression of the gA5XB-mediated current observed after the addition of streptavidin both at the single-channel and at the multichannel level ([Fig. 6](#fig6){ref-type="fig"} A).

![Scheme of formation of the tandem channel comprising two gA5XB channels cross-linked by streptavidin.](200208780f9){#fig9}

The transient substate of ∼50-ms duration ([Fig. 2](#fig2){ref-type="fig"}) may be tentatively ascribed to the process of mutual reorientation of the cross-linked pairs of gA5XB monomers, so as the proper conformation for linking into two neighboring head-to-head dimers is achieved. We note that the difference in the two current steps leading to the opening of the double-conductance gA5XB channel is in good agreement with the corresponding property of the double-barreled channels observed by [@bib28] with covalently linked gramicidin analogues (the accompanying paper).

We believe that the fast fluctuations of the current ([Fig. 3](#fig3){ref-type="fig"} A) preceding the emergence of the double-conductance channels also reflect certain steps of the mutual reorientation of streptavidin-bound gA5XB pairs that are accompanied by transient formation of transmembrane dimers (but not pairs of dimers) manifesting itself in short-lived openings of channels of the usual conductance. Remarkably, the similar bursting channel activity followed by a two-step transition to the higher current level was observed by [@bib28] with covalently linked gramicidin analogues.

If the bivalent binding of streptavidin to a pair of gA5XB channels takes place at only one side of the BLM, whereas at the opposite side of the BLM the monovalent binding of streptavidin to gA5XB (which means that streptavidin has a single biotin-binding site occupied) occurs ([Fig. 9](#fig9){ref-type="fig"} B, left), then another long-lived state of gA5XB channels may be expected to arise. We surmise that due to the reduced gA5XB surface density this state of gA5XB channels was observed with the large-diameter membranes both in this work ([Fig. 4](#fig4){ref-type="fig"}) and in the previous study ([@bib76]). The prolonged duration of this state having the standard single-channel conductance may be associated with such factors as lateral interaction of peptide helices in the membrane and an increased molecular weight of the channel former bound to streptavidin.

The fact that gA2XB proved to be unable to form the double-conductance channels in the presence of streptavidin despite the unambiguous evidence in favor of streptavidin binding to gA2XB shows that the long linker arm, obviously providing better access to biotin-binding pockets of streptavidin due to higher flexibility of a biotin group in gA5XB, is needed for the streptavidin interaction with biotinylated gramicidin to result in the formation of the double-conductance channels. Obviously, the cross-linking of two transmembrane dimers of biotinylated gramicidin requires that two binding sites should be located within the reach of biotin groups linked to two gramicidin molecules. The role of linker flexibility and the local monomer concentration is also discussed in the accompanying article by [@bib28].

The model of the double-conductance channel representing a tandem of two neighboring gA5XB channels with their COOH termini being cross-linked by the bound streptavidin at both sides of the BLM is supported by the fact that the one-side addition of streptavidin to the bathing solution of the BLM containing gA5XB led neither to the formation of the double-conductance channels, nor to the appearance of the fast current fluctuations (unpublished data). We believe that the formation of the double-conductance channels represents the reason of the deceleration of the gA5XB photoinactivation kinetics observed at the multichannel level here with streptavidin and previously ([@bib76]) with avidin. In principle, the double-conductance channels might be formed upon addition of streptavidin at one side of the membrane. However, the probability of the formation of a transmembrane complex from cross-linked gA5XB in one monolayer and a pair of free gA5XB in the opposite monolayer should be substantially lower than that from cross-linked peptides located at both sides of the membrane. In fact, the concentration of gA5XB is very low under the conditions of single-channel measurements and the probability of the simultaneous appearance of two free peptides in close vicinity of the cross-linked gA5XB should be negligible. It is worth noting that at the multichannel level a noticeable deceleration of gA5XB kinetics was observed ([@bib76]), even in the case of avidin addition at one side of the BLM.

The data on the prevention of the opening of the double-conductance channels ([Fig. 5](#fig5){ref-type="fig"}) and on the inhibition of the deceleration of the photoinactivation kinetics of gA5XB ([Fig. 8](#fig8){ref-type="fig"}) by including biotinylated lipids (biotin-PE) into the DPhPC membrane are also in good agreement with the proposed model. Apparently, biotin-PE competing with gA5XB for the binding sites on streptavidin should prevent the bivalent but not the monovalent binding of the protein to gA5XB, if streptavidin is present in the excess with respect to gA5XB and biotin-PE. This statement was substantiated by a theory (see ) that considered explicitly the competition between gA5XB and biotin-PE for two binding sites on streptavidin at the membrane surface under the conditions of the excess streptavidin in the bulk phase. The system of equations led to a four-power equation that was solved numerically for a wide range of parameters. This theoretical model allowed us to calculate that the Stv binding constant for gA5XB exceeds that for biotin-PE by a factor of 40.

The conclusions based on the theoretical consideration strongly support the bivalent character of the (strept)avidin interaction with gA5XB. In particular, it was demonstrated that the bivalent binding model readily explained the inhibiting effect of biotin-PE on the formation of the long-lived channel state of gA5XB, whereas the monovalent binding model failed to explain this inhibition.

In summary, it can be concluded that the interaction with streptavidin turns two independent gramicidin channels into a couple of conducting units operating in concert. In other words, streptavidin plays a role of a multivalent ligand, binding of which to membrane receptors (gA5XB) activates the ionic channels by converting them into a new highly stable open state formed by a tandem of the transmembrane dimers. This kind of streptavidin interaction with gA5XB channels models the known phenomenon of ligand-induced receptor dimerization wherein membrane proteins containing single transmembrane α-helices associate to form dimers (or larger oligomers) in the membrane, either as stable complexes or as transient species, in response to the binding of a suitable ligand. Such dimerization or oligomerization have been shown to occur after binding of several polypeptide hormones, cytokines, growth factors, or growth inhibitors to their receptors ([@bib53]; [@bib31]).
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\begin{equation*}\frac{ \left \left[N_{2}\right] \right }{ \left \left[N_{1}\right] \right ^{2}}=\frac{K_{R}}{K_{D}}=K{\mathrm{.}}\end{equation*}\end{document}$$

As shown in ([@bib74]), the values of *K* ~R~, *K* ~D~, and *K* can be calculated from the plot of 1/τ versus (*λ~∞~*)^0.5^, obtained by measuring the flash-induced gramicidin-mediated current transients following exponential kinetics with a characteristic time (τ): $$\documentclass[10pt]{article}
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\begin{equation*}{1}/{{\mathrm{{\tau}}}}=K_{D}+4\sqrt{\frac{K_{R}K_{D}{\mathrm{{\lambda}}}_{{\mathrm{{\infty}}}}}{N_{A}{\mathrm{{\Lambda}}}}{\mathrm{,}}}\end{equation*}\end{document}$$where *N* ~A~ is Avogadro\'s number, *λ~∞~* is the steady-state BLM conductance after the light flash, and Λ is the single-channel conductance.

The number of gA5XB open channels, *N* ~2~, is proportional to the concentration of dimers \[*N* ~2~\] according to the equation: $$\documentclass[10pt]{article}
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\begin{equation*}N_{2}= \left \left[N_{2}\right] \right {\cdot}N_{A}{\cdot}S_{M}{\mathrm{,}}\end{equation*}\end{document}$$where *S* ~m~ is the membrane area.

From [Eqs. A2](#eqn2){ref-type="disp-formula"} and [A4](#eqn4){ref-type="disp-formula"} it can be derived that, $$\documentclass[10pt]{article}
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\begin{equation*} \left \left[N_{1}\right] \right =\sqrt{\frac{N_{2}}{S_{M}{\cdot}N_{A}{\cdot}K}}{\mathrm{.}}\end{equation*}\end{document}$$

The number of gA5XB monomers in the membrane, *N* ~1~, is proportional to the concentration of monomers \[*N* ~1~\] according to the equation: $$\documentclass[10pt]{article}
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\begin{equation*}N_{1}= \left \left[N_{1}\right] \right {\cdot}S_{M}{\cdot}N_{A}{\mathrm{.}}\end{equation*}\end{document}$$
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\begin{equation*}N_{1}=\sqrt{\frac{S_{M}{\cdot}N_{A}{\cdot}K}{K}}{\mathrm{.}}\end{equation*}\end{document}$$

Bearing in mind that in single-channel experiments the average number of open channels *N* ~2~ is equal to 1, we substituted the values of *S* ~m~ ≃ 10^−4^ cm^2^ for the small-diameter membrane and *K* = 1.7 × 10^15^ mole^−1^ cm^2^ into [Eq. A7](#eqn7){ref-type="disp-formula"}, and calculated that N~1~ ≃ 200 under single-channel conditions. Based on the known value of lateral area per lipid molecule in a BLM, 0.6 nm^2^ ([@bib16]; [@bib44]; [@bib61]; [@bib4]), we estimated the total number of lipid molecules in the membrane to be 1.7 × 10^10^ by dividing the value of *S* ~m~ ≃ 10^−4^ cm^2^ by 0.6 nm^2^.

Under multichannel conditions, the number of gA5XB dimers, *N* ~2~, can be estimated from the equation based on Ohm\'s law: $$\documentclass[10pt]{article}
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\begin{equation*}N_{2}=\frac{1}{U{\cdot}{\mathrm{{\Lambda}}}}{\mathrm{,}}\end{equation*}\end{document}$$where *I* is the value of the gA5XB-mediated current, *U* is the voltage applied to the BLM, and Λ is the single-channel conductance. By substituting the average value of *I* in multichannel experiments (1 μA), *U* = 65 mV and Λ = 17.6 pS into [Eq. A8](#eqn8){ref-type="disp-formula"}, we calculated *N* ~2~ to be ∼10^6^. Taking into account the different value of *S* ~m~ for the membranes used in multichannel experiments, 2 × 10^−3^ cm^2^, we used [Eq. A6](#eqn6){ref-type="disp-formula"} to calculate the number of monomers *N* ~1~ under these conditions and obtained *N* ~1~ ≃ 10^6^. Thus, the overall number of gA5XB molecules (monomers and dimers) was ∼2 × 10^6^. The total number of lipid molecules in the membrane of this area was estimated to be 3 × 10^11^ by dividing the value of *S* ~m~ ≃ 2 × 10^−3^ cm^2^ by 0.6 nm^2^.

Given the total number of lipid molecules and the number of gA5XB molecules in the BLMs in single-channel and in multichannel experiments, we calculated the ratios of biotin-PE and gA5XB surface concentrations corresponding to different values of the biotin-PE content in the BLM for both conditions.

Let us consider a system comprising streptavidin (Stv) molecules floating in the bathing solution and those adsorbed on BLM, on one hand, and biotinylated gramicidin (gA5XB) molecules incorporated in BLM, on the other hand. The membrane also contains molecules of biotinylated phosphatidylethanolamine (biotin-PE). We consider here the interaction that takes place at one side of the membrane neglecting the influence of the formation of transmembrane complexes (channels) on the inhibiting effect of biotin-PE. Let\'s assume that the total concentration of gA5XB and biotin-PE in BLM and the concentration of Stv in the aqueous solution are constant and equal to N, M, and \[Stv\], respectively. The latter condition means that the bathing solution represents the streptavidin stock of the infinite capacity which is valid for planar BLM under our experimental conditions (see [results]{.smallcaps}). The interaction of streptavidin with biotinylated gramicidin and biotinylated lipid at one side of the membrane can be described by a system of reversible reactions: $$\documentclass[10pt]{article}
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\begin{equation*}\begin{matrix}Stv+gA5XB{\Leftrightarrow}Stv_{1,0}\\ Stv_{1,0}+gA5XB{\Leftrightarrow}Stv_{2,0}\\ \\ Stv+biotin-PE{\Leftrightarrow}Stv_{0,1}\\ Stv_{0,1}+biotin-PE{\Leftrightarrow}Stv_{0,2}\\ \\ Stv_{1,0}+biotin-PE{\Leftrightarrow}Stv_{1,1}\\ Stv_{0,1}+gA5XB{\Leftrightarrow}Stv_{1,1}\end{matrix}\end{equation*}\end{document}$$

Here it is assumed that two binding sites on streptavidin are effective in the interaction with biotin groups exposed at the membrane surface, because it is known that the biotin-binding pockets are located in pairs at opposite faces of the streptavidin tetramer ([@bib98]). This is consistent with a recent conclusion ([@bib65]) that this tetravalent protein displays a high preference for acting as a bivalent linker molecule. The above equations imply that the interaction of gA5XB and biotin-PE with Stv is weak enough to let these reactions be reversible. The interaction of biotin with streptavidin in solution is hardly reversible and is known as one of the strongest noncovalent bonds ([@bib98]). However, as shown in ([@bib104]; [@bib67]), the interaction of Stv with biotinylated lipids at the membrane--water interface is not so strong and is reversible. Obviously, the interaction of (strept)avidin with gA5XB at the interface is also reversible, because the addition of biotin to the bathing solution removed the avidin-induced deceleration of the gA5XB photoinactivation kinetics ([@bib76]).

The first and third equations in [Eq. A9](#eqn9){ref-type="disp-formula"} are characterized by three-dimensional binding constants *K* ~1~ (in M^−1^) and *K* ~2~ (in M^−1^), whereas the other equations are characterized by two-dimensional binding constants. For the sake of simplicity we assume that all these two-dimensional constants are equal to each other and amount to *K* ~X~ (in cm^2^/mole). Because the total concentration of gA5XB is equal to N and that of biotin-PE is equal to M, it can be written: $$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}\begin{matrix} \left \left[gA5XB\right] \right + \left \left[Stv_{1,0}\right] \right + \left \left[Stv_{1,1}\right] \right +2 \left \left[Stv_{2,0}\right] \right =N\\  \left \left[biotin-PE\right] \right + \left \left[Stv_{0,1}\right] \right + \left \left[Stv_{1,1}\right] \right +2 \left \left[Stv_{0,2}\right] \right =M\end{matrix}\end{equation*}\end{document}$$

The above system of equations can be converted to the following equations by using dimensionless parameters ([@bib66]; [@bib88]): $$\documentclass[10pt]{article}
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\begin{equation*}\begin{matrix}x+c_{1}x+c_{1}xy+2c_{1}x^{2}=b_{1}\\ y+c_{2}x+c_{2}xy+2c_{2}y^{2}=b_{2}\end{matrix}\end{equation*}\end{document}$$where *x* = *\[gA5XB\]K~X~*; *c* ~1~ = *\[Stv\]K* ~1~; *b* ~1~ = *NK~X~*; *y* = *\[biotin-PE\]K* ~X~; *c* ~2~ = *\[Stv\]K* ~2~; *b* ~2~ = *MK~X~*.

This system of two equations was solved numerically. The solution enabled us to calculate the effect of increasing concentration of biotin-PE on the number of Stv~2,0~ complexes that are formed at one side of the membrane and are thought to be the precursors of the double-conductance gA5XB channels. The dependence of *\[Stv~2,0~\]* on *c* ~1~ has a bell-like shape with a maximum at *c* ~1~ ≃ 1. So we performed further calculations at *c* ~1~ = 1, because the Stv-induced deceleration of gA5XB channel kinetics depended weakly on *\[Stv\]* under our experimental conditions (unpublished data). [Fig. 10](#fig10){ref-type="fig"} shows the dependence of *\[Stv~2,0~\]* on *b* ~2~/*b~1~* (which is equal to *M*/*N*) at *b* ~1~ = 10^3^ and different values of *c* ~2~, namely *c* ~2~ = 10^2^ (curve 1), *c* ~2~ = 1 (curve 2), and *c* ~2~ = 10^−2^ (curve 3). It means that the ratio of two constants *K* ~1~ and *K* ~2~ is varied. It is seen from [Fig. 10](#fig10){ref-type="fig"} that the variation of *K* ~1~/*K* ~2~ is accompanied by a shift of theoretical dependencies of *\[Stv~2,0~\]* on the ratio of *b* ~2~/*b~1~*, so that the value of the *b* ~2~/*b~1~* ratio corresponding to the inflection point of the dependence correlates with the value of the *K* ~1~/*K* ~2~ ratio. Further calculations have shown that this correlation exists in a wide range of parameters provided that *b* ~1~ \>\> 1, and the *b* ~2~/*b~1~* ratio at the inflection point appears to be independent of *b* ~1~ under these conditions. The data presented in [Fig. 8](#fig8){ref-type="fig"} B (inset) proved that the latter statement is valid for our experimental conditions, as the dependence of the occurrence of Stv-induced double-conductance channels recorded at very low gA5XB concentration (low *b* ~1~ value) on the ratio of biotin-PE and gA5XB concentrations coincided with the corresponding dependence of the contribution of the slow phase to the photoinactivation kinetics measured at high gA5XB concentration (high *b* ~1~ value). Thus, it may be concluded that *b* ~1~ \>\> 1, i.e., *N* \>\> 1/*K* ~X~, under all our experimental conditions including single-channel recordings, obviously due to extremely high (strept)avidin-biotin binding constant ([@bib98]). The theoretical calculations have shown that the *b* ~2~/*b~1~* ratio at the inflection point essentially depends on *b* ~1~, if *b* ~1~ \< 1.

![Theoretical dependence of the equilibrium concentration of a complex of streptavidin with two gA5XB molecules at the membrane surface (\[Stv~2,0~\]) on the concentration of biotin-PE in the membrane. The calculations were performed by solving the system of [equations (A11)](#eqn11){ref-type="disp-formula"} numerically with the following parameters: *c* ~1~ = 1, *b* ~1~ = 10^3^, *c* ~2~ = 10^2^ (curve 1), *c* ~2~ = 1 (curve 2), and *c* ~2~ = 10^−2^ (curve 3). The dashed line is an averaged experimental curve from the data presented in the inset to [Fig. 8](#fig8){ref-type="fig"} B.](200208780f10){#fig10}

As seen from [Fig. 8](#fig8){ref-type="fig"}, inset, the inflection point of experimental dependencies corresponds to the \[biotin-PE\]/\[gA5XB\] ratio, i.e., the *b* ~2~/*b~1~* ratio, of ∼100. As follows from [Fig. 10](#fig10){ref-type="fig"}, it means that *K* ~1~/*K* ~2~ is of the order of 100 (curve 3). The precise calculations have given the value of *K* ~1~/*K* ~2~ = 40. Therefore, we have come to an important conclusion that our theoretical model makes it possible to estimate the ratio of Stv binding constants for gA5XB and biotin-PE. The calculated difference between these binding constants can be explained by taking into account that in both gA5XB and biotin-PE biotin groups are attached to species embedded in the lipid membrane hindering their interaction with water-soluble streptavidin, but a long linker arm present in gA5XB and not in biotin-PE provides higher accessibility of biotin in gA5XB as compared with biotin-PE.
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